Relative growth rate (RGR) leaf water potential (4w), transpiratioa rate (Tr), photosynthetic rate (Pn), and stomatal and mesophyll resistances to CO2 exchange were measured or calculated to determine how periodic seismic (shaking) stress Plants subjected to physical disturbance may respond by decreased stem length (21), leaf area, growth rate, fresh and dry weight (13) (14) (15) 24) , and yield (1, 24, 27, 28) (24, 29, 31, 32) , periodic shaking (4, 19), handling, flexing, or rubbing of individual plant parts (3, 15, 20) . Seismic stress applied as periodic gyratory shaking of the entire plant affects growth in much the same way as exposure to natural wind loads (19, 25 To administer seismic treatment, pots were inserted into holes in a wood platform mounted on a gyratory shaker and shaken in a horizontal plane with a circular radius of 1.3 cm. The shaker was located under the light bank in the growth room so that conditions of light and temperature were not changed while the shaking treatment was administered. Plants were shaken at 240 to 280 rpm three times daily (at 0930, 1430, and 1930 h) 
Plants subjected to physical disturbance may respond by decreased stem length (21) , leaf area, growth rate, fresh and dry weight (13) (14) (15) 24) , and yield (1, 24, 27, 28) relative to undisturbed plants growing in an otherwise similar environment. Various methods have been used for administering mechanical stress treatments to plants, including forced-air currents or natural wind loads (24, 29, 31, 32) , periodic shaking (4, 19) , handling, flexing, or rubbing of individual plant parts (3, 15, 20) . Seismic stress applied as periodic gyratory shaking of the entire plant affects growth in much the same way as exposure to natural wind loads (19, 25) .
The inhibition of dry weight gain and yield caused by mechanical stress suggests that decreased photosynthetic productivity may be a stress response. To test this hypothesis, several growth dynamics parameters as well as whole plant transpiration rate, photosynthetic rate, leaf water potential, and stomatal and mesophyll resistances to leafgas exchange by soybean were measured as a function of mechanical stress treatment or pretreatment. ' 0.7-cm-diameter leaf disc was punched from the terminal leaflet of the third trifoliolate leaf of each plant 30 min after the 1430-h shake and immediately enclosed in the well of a thermocouple psychrometer (Wescor, Inc., C-52 sample chambers). An automated psychrometer system scanned and recorded data from eight samples per day. Data were taken after leaf discs had equilibrated for 2 h in the chambers. Microvolt readings were converted to water potential units using calibration curves developed for each thermocouple, and data were analyzed using statistical methods described in the preceding section.
Whole Plant Photosynthesis. Eleven uniform seedlings, including five control and six seismic-stressed plants, were treated for 10 or 12 d. Whole plant photosynthetic rates were monitored continuously on the final day of treatment, including the periods immediately before, during, and after the 0930, 1430, and 1930 h shake treatments. A transparent whole plant chamber (2) mounted on a gyratory shaker was incorporated into an open gas flow system to measure photosynthetic rates (16) . Compressed air containing 330 ,gl I' CO2 was humidified by bubbling the airstream through water in a closed container. Humidity in the flowing atmosphere was maintained near that of the growth room, and was measured using a dew point hygrometer (EG&G, model 91 1). Humidified air flowed into the plant chamber at 6.2 L min-', and a variable-speed fan and baffles provided internal air mixing. Heat exchange coils near the base of the chamber provided an internal temperature of 29 ± 1°C by circulating coolant between the coils and a water bath. Outlet air was dehumidified usitig magnesium perchlorate, and CO2 concentration in the airstream was determined before or after the plant chamber using an IR CO2 gas analyzer (Infrared Industries model 705D).
Whole plant photosynthetic rates were determined for the 20-min period before each shake, and for up to 130 min after each shake treatment. Analysis of variance and F test at the 0.10 level were performed on Pn data for each 1 0-min interval to determine signficant differences between treatments.
Leaf Stomatal and Mesophyll Resistance. Eight uniform seedlings per treatment either remained undisturbed or were shaken as described for 15 d, at which time Pn and Tr were measured for the terminal leaflet of the third trifoliolate leaf on each plant. Two separate experiments were done to collect gas exchange data, either just before or 25 min after the 1430 shake. To obtain these measurements, the gas flow system described was modified to accommodate a clamp-on leaf cuvette.
The leaf cuvette had a 3.9 x 3.9 x 2.0 cm Plexiglas base and domed top with a radius of 1.8 cm. Leaf chamber temperature was regulated by circulating water from a thermostated bath through a Plexiglas jacket surrounding the surface ofthe cuvette. Upper and lower compartments had separate air inlet and outlet, with air mixing enhanced by a multiport inlet into each compartment directing seven small airstreams at various angles over the leaf surface. Flow rate over both leaf surfaces was 1.88 L min-'. Gas exchange measurements were performed under a saturating PPFD of 1 100 umol s-' m 2 provided by a bank of nine 150-w incandescent dichroic reflector flood lamps, with radiation filtered through 6 cm of water. Leaf temperature was measured as the average reading of two copper/constantan thermocouples pressed to the abaxial leaf surface. Diffusion coefficients of0.258 and 0.165 cm2 s-' were used for H20 and CO2, respectively, to calculate boundary layer (r'a) and stomatal (r',) resistances to CO2 diffusion (9) . The ratio of these coefficients was raised to the two-thirds power when calculating r'a (16). Boundary layer resistance was estimated using H20-saturated filter paper (8) . A diffusion model was used which involved a parallel circuit consisting of r'a and r'. in series for each leaf surface, with rm in series with both parallel circuits (9, 17) . Upper and lower compartments ofthe chamber created by leaflet placement permitted separate measurement of Pn and Tr for each leaf surface. Gas exchange measurements were made for each leaf surface without interrupting air flow through either compartment. Thus, ra, r'a, r5, and r', were measured independently for upper (u) and lower (1) leaflet surfaces, namely, rau, r'au, rw, and r'w, as well as ru, r'su, rs,, and r's1 (23) . To calculate rm, CO2 concentration at the chloroplast was assumed to equal the CO2 compensation concentration (17, 18) . Compensation concentrations for undisturbed control and shaken plants were determined under saturating PPFD (17) .
Data from the pre-and postshake periods for Pn, Tr, r5,, r'SU rs,, r'sl, and rm were subjected to analysis of variance and F test at the 0.05 level to determine significant differences between control and shake treatments.
RESULTS AND DISCUSSION Periodic seismic stress decreased plant dry weight 22% and total leaf area 17% relative to undisturbed controls after 15 d of (Table I) . Shaken plants also had 3.9% lower RGR, which was due entirely to decreased NAR (Table II) . Shaking increased LAR relative to that of undisturbed plants, but increased LAR did not fully compensate for decreased NAR. In a greenhouse study conducted with soybean, seismic stress also decreased RGR, but in that case the effect was due to equal decreases in NAR and LAR (25) . In a greenhouse study conducted with 'Alaska' pea, periodic seismic stress again reduced shoot RGR (1) . As in the present study, this effect was due entirely to decreased NAR. Also, increasing wind speed caused a progressive decrease in RGR and NAR of rice seedlings, in spite of an increase in LAR (30) . Thus, seismic stress decreases RGR, due in part or in total to decreased NAR (Table II) (1, 25, 32) , which is a measure of photosynthetic efficiency ( 18) . Seismic stress significantly reduced soybean water loss rate 17 and 15% during the first and second 45-min periods following a 1430-h shake, respectively, relative to that from undisturbed controls (Fig. 2 ). Shaken plants also had significantly higher leaf water potential (-685 kPa) than did undisturbed control plants (-934 kPa) 30 min after treatment.
Seismic stress caused transitory decreases in net Pn of whole plants (Fig. 3) . On day 15 of treatment, Pn started to drop within seconds after the 0930-h shake began, and 5 min after treatment ended Pn was 15% less than that of controls. Reduced Pn lasted for at least 60 min following the shake, at which time Pn averaged ured for 5 min after clamping and equilibrating an attached leaf for 25 min. Although leaf gas exchange rates could not be measured sooner than 25 min after treatment due to the equilibration requirement, Pn of shaken plants remained significantly less than that of undisturbed controls for at least 40 min after shaking (Fig. 3) . Thus, leaf resistance was determined within the period of maximum plant response. Furthermore, no significant differences in Tr or Pn of upper and lower leaf surfaces between shaken and undisturbed plants carried over from the 0930-to the 1430-h shake (Fig. 4) . Leaf resistance calculations showed that r,, r'%, and rm ofseismic-stressed and undisturbed plants were not significantly different just before the 1430-h shake (Table  III) . Complete recovery ofgas exchange rates had occurred from the previous treatment, and even a trend toward lower leaf resistance was obtained for seismic-stressed plants relative to controls. However, 25 min after shaking, Pn of the lower leaf surface had decrased 9.7% (Fig. 5) . Transpiration by the lower leaf surface also had decreased 18.7% at that time. More than 2-fold increases in r, and r', of the lower leaf surface may have accounted for the decreased Tr and Pn of shaken plants (Table  IV) (10) . A decrease rather than an increase in Tr following seismic treatment suggests that cuticle abrasion was not a factor in our study. The repeated recovery patterns observed also suggest that stomatal control was not lost. For example, no leaf resistance parameter was still significantly different from control 5 h after the 0930-h shake (Table III) , but rg and r's, both were greater than for controls 25 min after the 1430-h shake (Table IV) . Stomatal aperture reduction therefore appears to be an immediate but temporary response of chamber-grown soybean plants to periodic seismic stress.
Whether plants growing in a controlled environment harden off to seismic stress in terms of stomatal transients or decreased NAR or Pn if agitated more frequently than three times per day remains to be determined. Other differences besides intensity, frequency, and duration of seismic disturbance between outdoor and indoor plant growth environments (amount ofUV radiation, PAR level, spectral distribution of radiation, temperature and humidity fluctuations, etc.) also may contribute to differences in plant response to periodic seismic treatment. Seismic stress in a greenhouse has been shown to reduce dry weight of soybeans to the same extent as when the plants were grown outdoors (25) . On the other hand, controlled shaking of outdoor-grown plants had no additional growth-inhibiting effect. Thus, seismic stress may be a component ofwind action, but plant response outdoors apparently hardens off to mild seismic stress because of the total dosage of wind received and/or the confounding action of other environmental factors.
